Miniature synaptic currents have long been known to represent random transmitter release under resting conditions, but much remains to be learned about their nature and function in central synapses. In this work, we describe a new class of miniature currents (''preminis'') that arise by the autocrine activation of axonal receptors following random vesicular release. Preminis are prominent in gabaergic synapses made by cerebellar interneurons during the development of the molecular layer. Unlike ordinary miniature postsynaptic currents in the same cells, premini frequencies are strongly enhanced by subthreshold depolarization, suggesting that the membrane depolarization they produce belongs to a feedback loop regulating neurotransmitter release. Thus, preminis could guide the formation of the interneuron network by enhancing neurotransmitter release at recently formed synaptic contacts.
INTRODUCTION
Miniature synaptic currents (''minis'') reflect the spontaneous exocytosis of neurotransmitter-loaded vesicles in the absence of action potentials (Fatt and Katz, 1952) . Minis and evoked release are often regulated in parallel by protein kinases or neuromodulators (e.g., Capogna et al., 1995; Lou et al., 2005) , so studying variations of mini properties has become a standard method for assessing changes in synaptic function. One view holds that minis are derived from the vesicle pool that is involved in evoked transmitter release, reflecting the sensitivity of this pool to the basal calcium concentration (Lou et al., 2005; Neher and Sakaba, 2008) , while another view holds that minis concern a special pool of vesicles (Sara et al., 2005) . The functional roles of minis have been difficult to identify. Nevertheless minis have been shown to play important roles including the regulation of postsynaptic firing, of dendritic protein synthesis and dendritic growth, and of synapse homeostasis (McKinney et al., 1999; Carter and Regehr, 2002; Sutton et al., 2004; Frank et al., 2006) . In central neurons, the distribution of mini amplitudes and kinetics is broad mainly because of dendritic filtering, because of heterogeneities of receptor numbers and properties among different release sites, and, in certain cells, because of presynaptic multivesicular release (Auger and Marty, 1997; Nusser et al., 1997; Llano et al., 2000) . While all of the previous studies tacitly assumed that minis originate in the somatodendritic compartment of the recorded cell, we consider in the present work the possibility that a subpopulation originates in the axon.
The presence of ionotropic glutamate, glycine, and GABA A receptors (GABA A Rs) in axons and synaptic terminals of CNS neurons is well documented (Turecek and Trussell, 2001; Kullmann et al., 2005; Alle and Geiger, 2007; Pinheiro and Mulle, 2008; Trigo et al., 2008) . These receptors are often developmentally regulated, and they may be implicated in the formation of neuronal networks. They exert potent effects on the firing and release probability of the axon. They can be activated by ambient neurotransmitter levels, by spillover of released neurotransmitter, by retrograde release of a follower neuron (Duguid and Smart, 2004) , or in an autocrine manner (then acting as ''autoreceptors''; Pouzat and Marty, 1999) . In culture, neurotransmitter molecules originating from a single vesicle were found to activate receptors on adjacent cells (Vautrin et al., 1994; Frerking et al., 1995) . Whether presynaptic receptors can likewise be activated by single vesicular release events in an intact brain tissue, however, remains an open question.
Assuming a positive answer to this question, another unexplored issue concerns the size and range of the resulting signal. Recent research has shown that in the subthreshold potential range, the axons of central neurons have a very high input resistance (several GU) and a very long length constant, on the order of several hundreds of microns (Alle and Geiger, 2006; Shu et al., 2006) . These findings raise the possibility that local activation of a small number of axonal ionotropic receptors could give rise to a sizable signal that could influence a large part of the axon domain and that could perhaps even propagate to the soma.
The present work explores these issues and uncovers a new category of minis that appears to be generated presynaptically. We propose that these ''preminis'' control the release probability of growing gabaergic neurons. basket and stellate cells) are known to have large peak amplitudes (typically comprised between 50 and 500 pA when measured at À70 mV under symmetrical Cl À conditions) and to suffer minimal distortion because of dendritic filtering, as MLI dendrites are short and thick (Llano and Gerschenfeld, 1993; Pouzat and Marty, 1999) . However, in addition to the large events described earlier, and called ''ordinary minis'' hereafter, we noticed smaller events (crosses in Figure 1A ; red traces in Figure 1B ) that form a distinct peak in the amplitude histogram ( Figure 1C ). The amplitude of both large and small events was reduced when intracellular Cl À was replaced by gluconate (data not shown) and both event types were fully and reversibly blocked by gabazine, a GABA A R antagonist (D) A plot of the 20%-80% rise time of individual events as a function of peak amplitude (recording time, 2 min) shows that small events have a longer rise time than large events (2.5 ± 1.7 ms versus 0.51 ± 0.46 ms; mean ± SD; n = 111; p < 0.01, Student's t test).
(n = 4; Figures S1A and S1B available online). Under current clamp, the large events gave rise to well-resolved miniature potentials with peak amplitudes ranging from 3 to 15 mV, whereas the small events generated fluctuations of the membrane potential that could not be clearly resolved as individual synaptic potentials but were blocked by gabazine ( Figure S1C ; noise analysis performed on these fluctuations yielded a peak estimate for elementary voltage excursions of 0.61 ± 0.42 mV under symmetrical Cl À conditions at membrane potentials around À60 mV, n = 5). These data suggest that the smaller events, like ordinary minis, reflect the activation of GABA A Rs following spontaneous vesicular release. To optimize small event analysis under voltage clamp, we used a template-based event detection routine (Clements and Bekkers, 1997 ) that effectively detected events with amplitudes down to $3 pA. We found that smaller events have a decay time constant that is undistinguishable from that of ordinary minis ( Figure S2 ). By contrast, their 20%-80% rise time is markedly longer than that of ordinary minis (Figures 1B and 1D) . A rise time versus amplitude plot revealed two distinct clusters ( Figure 1D ), with amplitude and rise time ratios of about 13-fold and 5-fold, respectively, in the experiment shown. In the following, we used a threshold value of 30 pA in peak amplitude to distinguish the two populations. In 7 cells, average peak amplitudes were 12.2 ± 0.2 pA for the smaller events and 187.6 ± 11.0 pA for the larger events. Respective mean coefficient of variation values were 0.404 ± 0.016 and 0.656 ± 0.104.
Gap Junctions Are Not Responsible for Small Miniature Currents
The slow rise time of smaller events suggests that they originate in a site that is separated from the soma by some electrical filter. We considered the possibility that gap junctions would fill this role since in adult guinea pigs, 40% of neighboring MLIs are linked by gap junctions (Mann-Metzer and Yarom, 1999) . However, we found that in the juvenile rat preparations used in the present work, gap junctions are infrequent and weak (Figure S3 ). In addition, the sign, size, and time course of the small miniatures are all inconsistent with the gap junction hypothesis. Concerning the sign: MLIs have a high intracellular Cl À concentration, so in some cells, spontaneous gabaergic potentials are hyperpolarizing while in other cells they are depolarizing (Chavas and Marty, 2003) . Thus, gabaergic potentials in the coupled cell should occur with both polarities, and derived current signals in the recorded cell should also have been observed with either polarity, whereas small minis were always inward. Concerning the size: assuming a gap junction conductance value of 0.10 nS ( Figure S3 ) and since gabaergic miniature potential amplitudes measured in hyperpolarized cells have an average of 7 mV (Mejia-Gervacio et al., 2007) , an amplitude of 0.7 pA is predicted for the small miniatures under the gap junction hypothesis, compared to an observed value of 12 pA. Concerning the time course: the gap junction hypothesis predicts that the time constant of decay of the small miniatures should match that of gabaergic postsynaptic potentials (about 60 ms, MejiaGervacio et al., 2007) , whereas the experimental value was 6-fold lower ( Figure S2 ). Altogether, the small miniature currents have characteristics that are very difficult to reconcile with a gap junction mechanism. In a final test of the gap junction hypothesis, we found that carbenoxolone, a blocker of gap junctions, failed to inhibit the smaller events (mean frequency of events smaller than 30 pA: 0.31 ± 0.08 Hz in control conditions versus 0.42 ± 0.17 Hz in the presence of 100 mM carbenoxolone; n = 14 and n = 6, respectively). We conclude that the small miniatures cannot be generated by current flow through gap junctions.
Distinctive Properties of Preminis
The slow rise time of the smaller minis resembles that measured for autoreceptor currents in MLIs (Pouzat and Marty, 1999) . Autoreceptor currents are triggered by an axonal action potential and reflect binding of the released GABA to presynaptic GABA A Rs. While they originate in the axon, they can be measured in the soma because of the electrical link provided by the axon, and the delayed rise time results from passive filtering along this cable (Pouzat and Marty, 1999; Mejia-Gervacio et al., 2007) . We therefore hypothesized that the smaller minis would represent autoreceptor currents generated by random vesicular release events (Vautrin et al., 1994) . Autoreceptor currents, unlike synaptic currents, undergo an irreversible decline in whole-cell recording, as the pipette solution is unable to sustain exocytosis indefinitely (Pouzat and Marty, 1999) . We found that the frequency of smaller minis, but not that of ordinary minis, declined during whole-cell recording over a time course of $40 min, similar to that of autoreceptor rundown (Figures  2A-2C ; compare with Pouzat and Marty, 1999) . Autoreceptor currents are inhibited by including a strong Ca 2+ buffer in the recording pipette, thus blocking exocytosis (Pouzat and Marty, 1999) . Likewise, we found that the smaller minis, but not ordinary minis, are potently inhibited by 10 mM BAPTA in a time course of minutes ( Figures 2D-2F) ; the kinetics of block by BAPTA matched the time course of inhibition of autoreceptor currents by the same procedure (Pouzat and Marty, 1999) . Based on these findings and on further evidence presented below, we propose that the smaller minis originate in the axon, and we will call them ''preminis'' (short for ''presynaptic miniature currents'') from now on.
In nerve terminals of neurons in the cortex, hippocampus, and brain stem, subthreshold depolarization has recently been shown to increase the probability of neurotransmitter release (Turecek and Trussell, 2001; Alle and Geiger, 2006; Shu et al., 2006; Sahara and Takahashi, 2001; Awatramani et al., 2005; Scott et al., 2008; Hori and Takahashi, 2009 ). This effect depends in some cases (Turecek and Trussell, 2001; Alle and Geiger, 2006; Shu et al., 2006; Awatramani et al., 2005 ; but see Scott et al., 2008) on an increase in the resting Ca 2+ concentration; in the absence of tetrodotoxin, it is enhanced by noninactivating Na + channels (Huang and Trussell, 2008) . We therefore asked whether depolarizing the axon would increase the premini rate. To control the axon potential, we took advantage of the fact that in MLIs (Mejia-Gervacio and Marty, 2006) , as in several other central neurons (Alle and Geiger, 2006; Shu et al., 2006) , subthreshold somatic potential changes are largely transmitted to the axon by passive electrical coupling. We found that depolarizing the cell to À50 mV markedly increased the population of preminis ( Figures 2G and 2H) ; meanwhile, the frequency of ordinary minis remained unchanged ( Figure 2I ). These results show that preminis are selectively increased by subthreshold depolarization. We tested the possible involvement of voltagedependent Ca 2+ entry (Awatramani et al., 2005) by repeating the same experiments in the presence of the generic Ca 2+ channel blocker, Cd 2+ (50 mM). Under these conditions, depolarizing the cell to À50 mV failed to increase the premini frequency (premini frequency ratio at À50 mV over À80 mV in Cd 2+ : 1.05 ± 0.25, n = 6, compared to 3.53 ± 0.53, n = 5 in the absence of Cd 2+ ; corresponding mini frequency ratios are 1.34 ± 0.27 and 1.14 ± 0.37 with and without Cd 2+ ). These results indicate that voltage-dependent Ca 2+ entry is responsible for the effects of depolarization on premini frequency. We found that preminis, unlike minis, are blocked by replacement of intracellular K + ions by Cs + . This effect ( Figure S4 ) is in line with the reported inhibitory effects of Cs + on the intracellular Ca 2+ concentration in hair cells (Kennedy and Meech, 2002) . It helps to explain why preminis have not been reported in earlier studies, because Cs + -based solutions have often been used to record minis (e.g., Llano and Gerschenfeld, 1993) . In addition, earlier studies on minis often used a high BAPTA concentration (e.g., Llano and Gerschenfeld, 1993) and/or used results which were obtained late in whole-cell recording, once premini frequency had declined because of washout.
Autoreceptor currents in MLIs decline with age past PN 15 (Pouzat and Marty, 1999) ; we therefore investigated whether preminis are similarly developmentally regulated. At PN 19-21, the proportion of small (<30 pA) and slowly rising (20%-80%; rise time > 0.7 ms) minis was much lower than at PN 12-14 (19.2 ± 3.3%, n = 9 versus 54.3 ± 7.9%, n = 14; p < 0.01). Furthermore, in contrast with the situation at PN 12-14, the number of minis did not increase with depolarization at PN 19-21 (Figure 3) . These results indicate that the contribution of preminis to presynaptic release, like that of autoreceptor currents, declines with age past PN 15.
Synchronized Pre-and Postsynaptic Miniature Events in Paired Recordings
The premini hypothesis predicts that each vesicular release should elicit two synchronized events, one mini in the postsynaptic cell and one premini in the presynaptic cell (Vautrin et al., 1994) . To test this prediction, we performed recordings of synaptically connected MLIs ( Figure 4A ) and washed them in TTX to 
preminis''; red) run down during whole-cell recording, whereas the frequency of ordinary minis is stable (black). The two mini classes were separated using an amplitude cutoff of 30 pA. (C) Summary plot from 10 cells comparing, in each case, the relative frequency of large and small events for time windows of 0-10 and 30-40 min of whole-cell recording. The frequency ratio for small events (red) is significantly smaller than 1 (p < 0.01). (D) Sample traces for 2 cells at 9 min of whole-cell recording, one with the ''low EGTA'' solution (containing 50 mM EGTA) and the other with a solution containing a strong Ca 2+ buffer (10 mM BAPTA).
(E) Summary data comparing the frequencies of smaller events for the two conditions (n = 10 each) as a function of time in whole-cell recording. Event frequency is initially lower and decays more rapidly with whole-cell recording time in the presence of 10 mM BAPTA than in the control. Single and double stars indicate significant differences using Student's t test at p < 0.05 and at p < 0.01 level, respectively. block action potentials. We found that a fraction of the postsynaptic minis were synchronous with premini-like events (mean peak amplitude, 4.1 pA in the example shown) in the presynaptic trace ( Figure 4B ). Averaging the presynaptic traces after synchronization with all postsynaptic minis revealed a clear premini signal with a peak amplitude of 1.2 pA ( Figure 4C ). The lower value of the overall average likely reflects the fact that only a fraction (about 0.3 in the experiment shown according to the amplitude ratio of the average signals in Figures 4B and 4C ) of the postsynaptic minis originated from the presynaptic MLI that was recorded, while other minis originated from other MLIs. Out of nine experiments, a similar presynaptic synchronized signal was found in five connected pairs, with an average peak amplitude of 0.75 ± 0.18 pA, while four pairs gave no recognizable signal. Only high-quality recordings were considered in this analysis, and for the four negative pairs, an upper limit of 0.2 pA was estimated for the amplitude of any undetected synchronized signal in the presynaptic cell. Altogether, these experiments confirm the presynaptic nature of preminis. Three other interpretations were considered for the presence of synchronized pre-and postsynaptic signals in connected pairs, and they were all rejected. Gap junctions could safely be dismissed because, in none of the five positive experiments, could we find any evidence for gap junctions between the preand the postsynaptic MLI when directly stepping the voltage in either cell. The possibility was next examined that the presynaptic signal could arise because of the voltage drop induced across the bath electrode by the postsynaptic current flow.
This voltage drop could, in principle, have altered the potential effectively applied to the presynaptic cell, and the potential error could have generated an artifactual current in the recording of the presynaptic cell. But measurements indicated that the bath electrode resistance was less than 500 U, and the associated voltage drop was, therefore, less than 0.06 mV (assuming a peak postsynaptic mini amplitude of 120 pA), making the expected presynaptic signal less than 0.06 fA (assuming an input resistance for the presynaptic cell of 1 GU at the lower end of measured values; see Mejia-Gervacio et al., 2007) . This is more than three orders of magnitude too low to account for the observed synchronized current. A third possibility was some artifactual electrical coupling between pre-and postsynaptic currents, for instance, because of capacitive coupling. However, we could not detect any presynaptic current corresponding to the passing of large (about 1 nA) voltage-dependent Na + currents in the postsynaptic cell ( Figure S3D ), thus confirming the absence of a significant artifactual link between pre-and postsynaptic current flow. In addition we found that the synchronized signal was only apparent in the trace predicted from the direction of the synapse. Thus, averaging postsynaptic traces synchronized with respect to miniature currents in the presynaptic cell did not reveal any signal. This is in contradiction with the hypothesis of an artifactual current coupling mechanism. Altogether, none of these explanations appeared tenable, and we remained with the conclusion that the synchronized current reflected simultaneous pre-and postsynaptic current activation following a single exocytosis event. Figure 2G for the PN 11-15 age group. Right, rise time versus peak amplitude plots for the same cell (90 s recordings at each potential). Only 3 and 1 preminis were found at À80 and at À55 mV, respectively. There are 26 and 17 other events (minis) at À80 and at À55 mV. (B) Summary results showing the ratio of all events (preminis + minis) at depolarized (either À50 or À55 mV; the latter value was preferred for cells where recordings at À50 mV were considered too noisy) over hyperpolarized (À80 mV) potential. This ratio is larger than 1 at PN 12-14 (p < 0.05) but not at PN 19 to 20. (C) Summary results comparing the relative frequency of preminis in the two age groups, at a holding potential of À70 mV. Here, preminis are defined as events that have a peak amplitude smaller than 30 pA and a 20%-80% rise time longer than 0.7 ms (upper left rectangles in the rise time versus amplitude plots illustrated in (A). Data were collected in the first 10 min of whole-cell recording in all cases. Error bars display ± SEM.
Lack of Preminis in Axotomized Cells
Even though the axon of MLIs tends to remain in the parasagittal plane, it is unavoidable that a fraction of the MLI axons are cut during the slicing procedure. Axotomized MLIs can readily be identified by analyzing their capacitive currents. Whereas normal MLIs have biphasic capacitive currents, reflecting the successive loading of the somatodendritic and axonal membranes, axotomized MLIs display monophasic capacitive currents (Mejia-Gervacio et al., 2007; Figure 5) . We reasoned that if preminis are generated in the axon, they should not be observed in axotomized MLIs. This was indeed the case ( Figure 5 ).
Probing the Axonal and Somatodendritic GABA Sensitivity with a Novel Caged GABA Reagent To further test the origin of preminis, we took a targeted photolysis approach (Trigo et al., 2009a ) using a novel photosensitive precursor of GABA, DPNI-GABA (Trigo et al., 2009b) . Releasing GABA using short laser pulses focused to a submicron spot on the axon elicited current transients ( Figure 6A ) that were blocked by gabazine and were highly sensitive to the location of the laser spot ( Figure S5 ). These events were smaller and slower than corresponding events obtained when stimulating the dendrites (peak amplitudes: 27 ± 21 pA in axons versus 248 ± 120 pA in dendrites; rise times: 7.4 ± 4.4 ms in axons versus 2.2 ± 1.4 ms in dendrites; mean ± SD, n = 61 and n = 27; Figures 6B and 6C). These results unambiguously confirm the presence of GABA A Rs in the axon and, furthermore, demonstrate that local activation of axonal GABA A Rs is able to elicit a somatic signal resembling a premini. On average, the area under dendritic current responses was 3.35-fold larger than under axonal responses. Because the effective uncaging spatial resolution (about 2 mm; Trigo et al., 2009b ) is similar to the diameter of MLI dendrites (and larger than that of MLI axons) and because the GABA concentration that is generated in the spot is sufficient to maximally stimulate local GABA A Rs, a flash on a neurite is likely to stimulate all GABA A Rs located over a length of 2 mm centered on the laser spot. Neglecting charge loss because of cable filtering (see Figure 8 below) and given an estimate (based on anatomical data such as in Mejia-Gervacio et al., 2007 ) of a 9-fold longer linear extent of the axonal than of the dendritic domain, it follows that the ratio between the total numbers of functional GABA A Rs that are located in the axon versus on the dendrites is 9/3.35 = 2.7. This ratio will need to be corrected if the unitary conductances of axonal and dendritic receptors turn out to be different.
While the patterns of rise time versus amplitude plots are qualitatively similar with GABA uncaging ( Figure 6C ) and with spontaneous synaptic current recording ( Figure 1D ), several significant differences appear between the two data sets. Peak amplitudes, rise times, and decay half times were larger with GABA uncaging. These differences probably reflect a larger effective volume of GABA following uncaging than from single vesicular release and the consequent protracted activation of GABA A Rs following the slower dilution of GABA by diffusion.
Subcellular Localization of Presynaptic GABA A Rs
A previous immunohistological study has shown that presynaptic GABA A Rs of MLIs contain the a1 subunit (Trigo et al., 2007). a1 subunits are also found postsynaptically both in MLIs and in Purkinje cells (Nusser et al., 1997; Vicini et al., 2001; Fritschy et al., 2006) . To investigate the subcellular localization of GABA A Rs, we used electron microscopy after immunogold labeling of a1 subunits of the receptors ( Figure 7A ). We carried out this analysis at synapses made by MLIs on Purkinje cells because these synapses can be identified unambiguously in postembedding samples. We found that roughly 2/3 of the immunogold was postsynaptic, and 1/3 was presynaptic (Figure 7B) . Furthermore, both presynaptic ( Figure 7C1 ) and postsynaptic ( Figure 7C2 ) labeling were closely associated with the synaptic cleft. Uncertainties on the exact spatial relation between a gold particle and the GABA A R to which it is attached make the numbers given above and in Figure 7 only approximate. Nevertheless, the immunohistochemical data, together with the results previously presented, indicate that presynaptic GABA A Rs are likely to be activated by single vesicular release events and that their density is large enough compared to postsynaptic receptors to give rise to measurable preminis.
Modeling Premini Waveforms
MLI axons have a simple geometry so their passive membrane properties can be approximated to those of a simple cable with a length of about 200 mm and a reduced length (the ratio of the physical length to the cable length constant) of 0.55 (Mejia-Gervacio et al., 2007) . It is therefore possible to calculate the predicted waveform of somatic currents corresponding to the generation of minis along the axon ( Figure 8A ). We assumed a local current injection with an instantaneous rise and an exponential decay with a time constant of 20 ms, close to the weighted decay time constant of synaptic minis (21.9 ms; Llano and Gerschenfeld, 1993) . The current charge and the decay kinetics of the somatic currents were both very close to those of the injected current ( Figures 8C and 8E) . However, cable filtering gradually reduced the amplitude of the corresponding somatic currents as the location of current injection was moved along the axon, with a maximum reduction to about 60% for the most distant inputs ( Figure 8B ). This was accompanied with a gradual lengthening of the somatic current rise ( Figure 8D ; note that the 1 to 3 ms range predicted in this panel is well within the range of experimental values illustrated in Figure 1D ). We conclude that the characteristics of preminis are compatible with the known cable properties of MLI axons.
DISCUSSION
We have discovered a new class of miniature currents (''preminis'') that reflect the activation of presynaptic GABA A Rs following random vesicular release. Preminis have a range of distinctive properties, including their selective inhibition following prolonged whole-cell recording or cell dialysis with an intracellular calcium buffer and a selective enhancement by subthreshold somatic depolarization. Here, we discuss the origin and functional roles of preminis.
Axonal versus Somatodendritic Receptors
The frequency of preminis is about twice that of ordinary minis in our standard recordings. The actual frequency ratio is presumably larger than 2 because of loss of small preminis into the noise, and also of our choice of a rather hyperpolarized membrane potential in our standard recording conditions (À70 mV), leading to premini inhibition. Even so, since the charge carried by a premini is about 1/5 of that carried by a classical mini, it appears that preminis account for about a third of the total current signal recorded in the soma. These results suggest that axonal GABA A Rs and associated preminis contribute significantly to neuronal signaling in MLIs.
Our GABA uncaging experiments give unambiguous confirmation of the presence of functional GABA A Rs in the axon. Indeed they indicate that a majority (about two thirds) of the total GABA-sensitive channels are axonal. They also show that local activation of GABA A Rs on a patch of axon of the size of a single varicosity is able to generate a somatic signal that displays rise time and peak amplitude values in the same range as those obtained for preminis. Finally our electron microscopy data indicate that axonal GABA A Rs are strategically located on the presynaptic side of the synaptic cleft to respond to single vesicular release events. Collectively our results show that MLIs possess all requirements to generate potent premini signals.
It may seem paradoxical that, while single sites display larger numbers of postsynaptic than presynaptic receptors (Figure 7) , the total number of axonal receptors exceeds that of dendritic ones. If MLIs were only targetting other MLIs, then the number of postsynaptic densities on the somatodendritic domain would on average be equal to that of the presynaptic active zones in the axonal domain; since the number of presynaptic receptors is smaller than that of postsynaptic receptors at individual contacts, a smaller total number would then be expected for axonal receptors than for somatodendritic receptors. But because MLIs make synaptic contacts both with other MLIs and with Purkinje cells, the number of outgoing contacts (on the axon) is expected to be larger than that of incoming contacts (in the somatodendritic domain). This explains both that the frequency of preminis is larger than that of minis, and that the total number of presynaptic GABA A Rs is larger than that of postsynaptic GABA A Rs.
A Novel Mode of Autocrine Action
To our knowledge, preminis have not been observed before in a brain tissue preparation. However, in culture preparations, individual exocytosis events have been shown to generate simultaneous gabaergic synaptic currents in two adjacent hippocampal neurons (engaged in ''cismission'': Vautrin et al., 1994) or amacrine cells (forming a ''dinapse'': Frerking et al., 1995) .
Preminis provide an autocrine signal to the presynaptic neuron that reflects the extent of successful exocytosis occurring in the axon domain. Whereas the types of somatodendritic autocrine signaling which have been identified so far are comparatively slow processes that involve metabotropic receptors (e.g., metabotropic glutamate receptors: Duguid et al., 2007) , preminis involve ionotropic receptors and, therefore, potentially provide fast signaling. However, during the GABA A R-driven increase in release probability seen in the PN 11-15 age group, the paired-pulse ratio is decreased, not increased as would have been predicted by an immediate effect of the first pulse on the release during the second (Trigo et al., 2007) . This indicates that the change in release probability brought about by the activation of axonal receptors is not immediate and that even though it involves a phasic receptor activation following vesicular release, the resulting voltage signal is then integrated with time by downstream processes. It will be an important task for future research to identify these slow intermediary steps linking presynaptic GABA A R activation and regulation of neurotransmitter release.
Developmental Regulation and Functional Significance of Preminis
Preminis are highly prevalent during the PN 11-15 period, but their occurrence and coupling to membrane potential declines with age thereafter (Figure 3) , reflecting the age dependence of autoreceptor currents (Pouzat and Marty, 1999; Mejia-Gervacio and Marty, 2006) and of presynaptic receptor expression (Trigo et al., 2007) . Because the building of the molecular layer is complete at PN 15 in rats, this timing suggests that preminis and autoreceptors are involved in synapse formation. There is extensive evidence showing a role of GABA A R activation in the formation of GABAergic networks (Ben-Ari, 2002; Wang and Kriegstein, 2009) ; at MLI synapses onto Purkinje cells, ablation of a1 GABA A R subunits leads to the formation of abnormal heterologous synapses onto spines (Fritschy et al., 2006) . In general, however, the subcellular localization and exact mode of action of the receptors involved remain unknown. Recent results, including those of the present work, suggest a participation of axonal receptors. During the formation of the molecular layer in the PN 11-15 period, endogenous activation of axonal GABA A Rs enhances several-fold the GABA release probability (Trigo et al., 2007) , thereby accounting for the developmental profile of the release probability measured at MLI-Purkinje cell pairs (Pouzat and Hestrin, 1997) . Because the increased release probability is also seen in the presence of TTX, it can only be explained by two mechanisms: either a tonic activation of axonal GABA A Rs by ambient GABA or an autocrine activation of these receptors linked to spontaneous vesicular release (Trigo et al., 2007) . The former possibility is, however, unlikely because gabazine fails to affect the resting current in voltage clamped cells (Trigo et al., 2007 ; note that these experiments, unlike those of Figure S1, were carried out after extensive wholecell recording, at a time when preminis had already disappeared because of washout). On the other hand, the present results give strong support to the second option by demonstrating the existence of a presynaptic conductance elicited by spontaneous release. Furthermore, the findings that axonal receptors contain the a1 subunits, which are known to confer low affinity, and that they are located in the synaptic cleft, both argue that presynaptic receptors are poised to respond to phasic and large amplitude transmitter transients rather than to the tonic and low concentrations assumed by the ambient GABA hypothesis. Altogether, the evidence at hand indicates that the presynaptic receptor activation seen as preminis provides a signal that enhances transmitter release during the developmental period of synapse formation.
This mechanism is unlikely to be restricted to cerebellar synapses. Recent evidence indicates that at the somatic synapses formed by cortical basket cells, GABA release from a given neuron is necessary for proper axon growth and synapse formation in that neuron, indicating a crucial role of autocrine GABA signaling in these processes (Chattopadhyaya et al., 2007) . Thus, in the cortex as well, preminis may convey an important signal for synapse formation.
Downstream Effects of Premini Activation
The exact cellular mechanisms by which premini activation increases transmitter release remain to be investigated. However, some clues concerning these mechanisms can be derived from previous work in this and in other preparations. MLIs have a high intracellular somatic Cl À concentration (Chavas and Marty, 2003) , and the axonal concentration may still be higher (Price and Trussell, 2006; Szabadics et al., 2006; Khirug et al., 2008) . Furthermore, in these cells, activation of axonal GABA A Rs increases action potential firing, as well as spontaneous and evoked transmitter release, while inhibition of these receptors leads to opposite effects (Mejia-Gervacio and Marty, 2006; Trigo et al., 2007) . These results indicate that in MLIs, as in many central preparations (Kullmann et al., 2005; Trigo et al., 2008) , activation of presynaptic GABA A Rs is depolarizing. Since axon depolarization enhances premini frequency ( Figure 2G ), we suggest that the depolarization due to preminis and autoreceptor activation participates in a positive feedback loop that maintains a high release probability during the wiring of the molecular layer network. Because the calcium sensitivity of vesicular release extends down to basal concentrations (Sakaba, 2008) , this loop would involve an elevation of the intracellular calcium. Similar autocrine effects of GABA have been recently demonstrated in postnatal progenitor cells of the subventricular zone. In this system, GABA is released from neuroblasts and acts on GABA A Rs located in nearby GFAP-expressing progenitor cells and neuroblasts to respectively inhibit proliferation and slow down migration (Bolteus and Bordey, 2004; Liu et al., 2005) . Interestingly, both effects rely on increases in the intracellular Ca 2+ , and both effects are spontaneously active.
EXPERIMENTAL PROCEDURES Slice Preparation
Sprague Dawley rats aged 11-to 21-days-old were used in this work. Most results are from the PN 11-15 age group, except for part of the results of Figure 3 . Slices were prepared following standard procedures (Llano and Gerschenfeld, 1993) . In brief, the animal was placed under deep anesthesia using isofluorane and was decapitated. The cerebellar vermis was quickly removed. Parasagittal slices (200 mm thick) were cut with a vibroslicer (Leica VT1200S; Leica Microsystems, Wetzlar, Germany) in an ice-cold artificial cerebrospinal fluid (ACSF) and then placed in an incubating chamber for 60 min at 34 C. Thereafter, slices were kept at room temperature during the whole experimental day.
Extracellular Solution
The same bicarbonate-containing saline was used as the cutting, storing, and recording solution. Its composition was, in mM, 130 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.3 NaH 2 PO 4 , 10 glucose, 2 CaCl 2 , and 1 MgCl 2 , osmolarity adjusted to 300 mOsm/kg H 2 O and pH set at 7.4 by the continuous bubbling of a mixture of 5% CO 2 and 95% O 2 . When the animal was older than PN 15, 1 mM kynurenic acid was added to the cutting solution in order to minimize excitotoxicity. For uncaging experiments, we kept the chamber solution constant in order to save the cage molecule added directly to the bath. Therefore, a HEPES-buffered saline containing a lower bicarbonate concentration was used, of the following composition (in mM): 135 NaCl, 4 KCl, 2 NaHCO 3 , 25 glucose, 2 CaCl 2, 2 MgCl 2 and 10 HEPES, pH set at 7.4 with 1 M NaOH.
Electrophysiological Recordings
Slices were put in a 1.5 ml recording chamber and continuously perfused at a flow rate of 1.5 ml/min (except in uncaging experiments, see above). were identified with a 633 water immersion objective (numerical aperture, 0.9) placed on an upright Zeiss microscope (Axioskop; Zeiss, Oberkochen, Germany). The cells were recorded using the whole-cell configuration of the patch clamp technique, either with a double EPC-9 amplifier (HEKA Electronik, Lambrecht/Pfalz, Germany) or with an Axopatch 200B amplifier (Molecular Devices, US). The composition of the standard intracellular solution with which ''preminis'' were identified for the first time was (in mM) 150 KCl, 1 EGTA, 10 HEPES, 4.6 MgCl 2 , 0.1 CaCl 2 , 4 Na 2 ATP, and 0.4 Na 2 GTP, osmolarity adjusted to 300 mOsm/Kg H 2 O and pH to 7.3 with 1 M KOH. The composition of a ''low EGTA'' solution was the same as the standard intracellular solution, but the EGTA concentration was 0.05 mM. For a ''BAPTA'' solution, EGTA was replaced by 10 mM BAPTA. For cesium experiments, a variant of the low EGTA solution was used where 150 mM KCl were replaced by 150 mM CsCl. For observing the morphology of the cells during the uncaging experiments, Alexa 488 (40 mM; Invitrogen, US) was added to the standard intracellular solution. The recording pipettes had resistances in the range of 4-6 MU when filled with the aforementioned intracellular solutions. Series resistance (R S ) was monitored during the whole experiment by applying 5 ms long hyperpolarizing pulses from the holding potential (usually set at À70 mV); R S had typical values around 15 MU and it was compensated by 50% using a lag value of 10 ms in the R S compensation circuit of the amplifier. If R S increased above 30 MU, the recording was terminated. The recordings were acquired and digitized on line with the software Patchmaster (HEKA) or WinWCP (developed by John Dempster, University of Strathclyde) and filtered with a Bessel filter at a cutoff frequency of 2 or 3 kHz. The sampling interval was either 200 ms (Patchmaster) or 24 ms (WinWCP).
All recordings (with the exception of the first part of the experiment shown in Figure 4 ) were done in the presence of the following drugs: 0.2 mM TTX (to block voltage-gated sodium currents), 2 mM NBQX, and 20 mM APV (to block AMPA and NMDA selective glutamatergic currents, respectively). In photolysis experiments, NBQX was replaced by CNQX because of the high near-UV absorption of NBQX. In some experiments (as mentioned in the main text), the following additional drugs were used: CGP55848, 10 mM, to block GABA-B mediated effects; carbenoxolone, 100 mM, to block gap junctions; gabazine, 10 mM, to block GABA-A mediated currents; and ZD 7288, 10 mM, to block I h . All drugs were bath-applied except for gabazine, which was puff-applied in the experiments illustrated in Figure S1 . Chemicals and drugs were from Sigma-Aldrich (St. Louis, MO), Tocris Bioscience (Bristol, UK), and Ascent Scientific (Weston-super-Mare, UK).
Lack of Effect of ZD 7288 on Preminis
Because MLI axons have a high I h current density (Southan et al., 2000) , it seemed possible that blocking I h would enhance the apparent premini frequency by increasing the cable-length constant of the axon. The frequency of preminis was somewhat larger with than without ZD 7288 (0.508 ± 0.137 Hz, n = 8, versus 0.311 ± 0.082, n = 14; data at PN 11-14), but the difference did not reach statistical significance at the p < 0.05 level. The results reported in this work were mostly obtained without the I h blocker, except for some of the experiments of Figure 2B (8 cells with ZD 7288 and 2 cells without, both for the 50 mM EGTA data and for the 10 mM BAPTA data).
Stellate Cells versus Basket Cells
Even though MLIs are traditionally subclassified as internally located basket cells and externally located stellate cells, the two interneuron types are, in fact, similar, and a modern anatomy study has concluded that that there is a continuum of morphological parameters without clear boundaries between the two subclasses (Sultan and Bower, 1998) . In our experiments, we measured the location of recorded cells along the depth of the molecular layer, and those in the inner third (close to the Purkinje cells) we called basket cells and those in the two outer thirds (close to the pia) stellate cells. Roughly 2/3 of the recordings were taken with basket cells and 1/3 with stellate cells, and care was taken to keep this ratio constant for all experimental conditions (between 60% and 70%). In none of the experimental groups did any difference emerge between stellate cell data and basket cell data, so the results were pooled together.
Recording Temperature
All of the raw data shown and most of the data used for result quantification were collected at room temperature (20 C to 25 C). The only exception concerns the results of washout experiments (Figure 2A ), where about half of the cells used were recorded at near-physiological temperature (35-37 C). Recordings had a lower background noise at room temperature than at physiological temperature, and for this reason, quantification of the results was more reliable for room temperature data. Nevertheless, it was verified that key phenomena described in this work (presence of preminis under control conditions; washout of preminis; block of preminis by BAPTA; and dependence of premini rate on holding potential) were all observable at near-physiological temperature. Thus, the percentage of preminis was 52.4 ± 7.8% at near-physiological temperature with the standard intracellular solution (1 mM EGTA) versus 59.0 ± 12.5% at room temperature with the same solution, and 54.3 ± 7.9% at room temperature with the low EGTA solution (n = 7, 4, and 14, respectively). With the standard intracellular solution, mean premini rise time values were 1.78 ± 0.23 ms (n = 5) at near-physiological temperature versus 2.02 ± 0.15 ms (n = 7) at room temperature; mean 37% decay times values were 6.98 ± 0.30 ms (n = 5) at near-physiological temperature versus 9.23 ± 1.29 ms (n = 7) at room temperature.
Uncaging
The experimental apparatus used for the uncaging of GABA from DPNI-GABA (1-(4-aminobutanoyl)-4-[1,3-bis(dihydroxyphosphoryloxy)propan-2-yloxy]-7-nitroindoline) was as described (Trigo et al., 2009a) . For uncaging, the collimated output of a 405 nm laser (Iflex 2000, Point Source, Southampton, UK) was expanded to fill the back aperture of a 633 0.9 NA Leica water dipping objective to generate a focal spot whose diameter in the X-Y plane was approximately 1 mm (1/e 2 radius 0.55 mm) and approximately 5 mm in Z (1/e 2 = 2.4 mm). A laser intensity of 2 mW.mm À2 at the preparation was sufficient for complete conversion of DPNI-GABA in 0.1 ms. Flash duration was 0.1 or 0.3 ms at 0.2 Hz. Epifluorescence illumination was with a blue LED (excitation 470/30 nm), and emitted light from Alexa 488 (filter 530/40 nm) was collected by an EMCCD camera (Andor Ixon, Belfast, UK). Images were acquired with Andor software. Once the cell was filled and an axonal or dendritic field was selected, the solution flow was turned off and DPNI-GABA was added to give a final concentration of 1 mM; the solution was mixed and left to equilibrate for at least 5 min before uncaging. Data shown in Figures 6A and 6B are averages of ten trials. Axon and dendrites were unambiguously distinguished based on previous morphological comparisons with biotin-streptavidin-DAB labeled neurons (Pouzat and Hestrin, 1997) . The axon is distinguished from dendrite by several criteria: it is thin (0.6 mm in diameter), runs parallel to the Purkinje cell layer, sends off branches that are perpendicular to its main axis, and can be followed for hundreds of microns. By contrast, dendrites are thick and short, are radially arranged, and branch in a Y pattern (Pouzat and Hestrin, 1997; Pouzat and Marty, 1999) (Figure 6A ).
Miniature Current Analysis
For the detection of miniature gabaergic currents, a routine based on a template function was used (Clements and Bekkers, 1997) . The template function was defined as the sum of a rising and a decaying exponential with adjustable time constants (typical values were 1 and 6 ms, respectively). This function was moved point by point along the digitized signal. The amplitude and the offset of the template were adjusted with least square methods.
The ratio between the amplitude of the template and the residual sum of squares is used as the detection criterion; we used a value of 4 for this ratio, following the suggestion of Clements and Bekkers (1997) . The template procedure was written by Jason Rothman (University College London) as a package called Neuromatic that can be incorporated in Igor Pro (Wavemetrics, Lake Oswego, OR). After this automatic detection, all events were checked by eye, and events that did not appear to be synaptic were rejected. Various steps were taken to ensure that the rejection procedure would not introduce a bias in the interpretation of the data. First, if the rejection rate was higher than 20%, the experiment was discarded. Second, whenever possible, the person that analyzed the results was unaware of the experimental condition (test versus control) of the individual traces that were examined. Thus, in low EGTA versus BAPTA experiments ( Figures 2D-2F) , the person analyzing the data did not know the solution used in any specific experiment (but was able to correctly guess this solution in almost all cases after completing the analysis). Likewise, for the analysis of the effects of holding potential ( Figures 2G-2I) , the person analyzing the data did not know the holding potential used while individual traces were examined. Finally, the results were routinely reexamined without any data rejection to ensure that the main conclusions remained valid. Given these precautions, the possibility that subjective data rejection may have affected the conclusions from this work appears very remote.
Noise Analysis
Under current clamp conditions, preminis did not produce recognizable events, but they did contribute significantly to membrane potential noise. The unitary potential change associated with the preminis was estimated from the changes of membrane potential and its variance produced by adding 50 mM gabazine. The holding current was adjusted so that the mean resting potential was between À70 and À60 mV. We excluded from this analysis recognizable miniature potentials, which typically had peak amplitudes larger than 4 mV and which were likely generated in the somatodendritic domain. The size of elementary potentials associated to preminis was estimated using the following formula:
ðVarGbz À Var ctrl Þ=ðAvg Gbz À Avg ctrl Þ
where Var Gbz and Var Ctrl are the variance in gabazine and in control conditions, respectively, and Avg Gbz and Avg Ctrl are the mean potential in gabazine and in control conditions.
Paired Recordings
Paired recordings of interconnected MLIs were obtained as explained earlier (Kondo and Marty, 1998) . To detect preminis in paired recordings (Figure 4 ), the following procedure was used: all mGPSCs in the postsynaptic cell with peak amplitudes larger than 50 pA were identified and their onset times were determined. Time windows encompassing these onset times were determined, and they were used to isolate simultaneous sections from the postsynaptic recording and from the presynaptic recording. The average shown in Figure 4C is the result of averaging all these windows isolated from the presynaptic trace. As a control, we followed the same procedure but after shifting forward the postsynaptic trace 2 s in relation to the presynaptic one. When this was done, no signal was detected in the average presynaptic trace. Performing the analysis of Figure 4C on unconnected pairs also failed to yield any significant premini signal. Finally, in connected pairs, if the analysis was performed after inverting the role of the pre-and postsynaptic cell (i.e., searching for preminis in the postsynaptic cell that would be synchronous with minis in the presynaptic cell; note that the pairs that were used for this analysis were not bidirectionally connected), no significant signal was found. These last two controls indicate that the premini signal of Figure 4C is not because of stray capacitance between the two recording pipettes.
Electron Microscopy PN12 Sprague Dawley rats were anesthetized with pentobarbital (60 mg/kg body weight) and intracardially perfused with 4% (w/v) paraformaldehyde and 0.1% glutaraldehyde (Polysciences, Warrington, PA) in phosphate-buffered saline (PBS). After dissection, the cerebellum was kept overnight in 4% paraformaldehyde at 4 C. Transverse vibratome sections (200 mm) of the cerebellum were treated with ammonium chloride (0.13 g in 50 ml of PBS) for 30 min at 4 C. After washing in PBS, the samples were gradually dehydrated in methanol and embedded in lowicryl Hm20 (Polysciences) in an AFS Reichert (Leica, Vienna, Austria) after a progressive lowering of temperature. After polymerization under UV light at À45 C during 48 hr, pale yellow sections were incubated for 30 min in goat gold conjugates blocking solution (Aurion, Wageningen, Netherlands). The sections were washed (three times for 5 min each) in an incubation buffer made of PBS with 0.2% bovine serum albumin-c (Aurion). Sections were subsequently incubated overnight at 4 C in the same buffer with a rabbit-raised antibody directed against the a1 GABA A R subunit (kindly provided by Prof. W. Sieghart, Center for Brain Research, Medical University, Vienna, Austria). After extensive washes (six times for 5 min each), the sections were incubated 1 hr at room temperature in gold-conjugated secondary antibodies against rabbit IgG (1:50, British Biocell International, Cardiff, UK) and then washed (six times for 5 min each) in the incubation buffer, then washed in PBS (two times). This was followed by a 5 min fixation in 2% glutaraldehyde in PBS. After a wash of 5 min in PBS and six washes of 2 min in distilled water, sections were counterstained with uranyl acetate and lead citrate for inspection with a Philips Tecnai 12 electron microscope (FEI, Eindhoven, Netherlands).
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